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TREOKBTICAL STUDIES OF SOLAR FUNPRO LASERS 


By 

tf.L. Barri«fl* 

SUMIART 

The work perfonMd during Che period July 1982 to Jenuery 1983 can be 
divided into two parte. The firaC part entailed finiahing up the caleula- 
ciona on IBr, and writing up the reaulta for publication. The final 
version, (see Appendix), has been submitted to Space Solar Power Review, the 
journal in which the previous work, "Solar Puaped Electronic to Vibrational 
biergy Transfer Lasers," (ref. 1) had appeared. 

The second part of the work was a prelisiinary survey of possible mnr 
types of lasers for solar power conversion. The reason for the survey was 
that the efficiences of the systesw considered hitherto were found to be 
very low. In brief, Che previous investigations had first considered dif- 
ferent absorbing (Br 2 ) and lasing aedia (CO 2 , HP, HCN, H 2 O) and the overall 
efficiency for all co^inations was less than 0.5Z. The above IBr laser 
uses the sasa wediuw for absorption and lasing and the "transfer efficiency" 
is largely eliainated. The final efficiency is 1.2Z or less. 

The new types considered were (1) liquid dye lasers, (2) vapor dye 
lasers, and (3) non-dissociative aolecular lasers. These are discussed in 
the following sections. 

It is tentatively concluded that liquid dye lasers would probably not 
be feasible. Vapor phase dye lasers offer soae possibility although their 
overall efficiency aay not be aich greater than IBr. The non-dissociative 
aolecular lasers (aetallic vapor) appear proaising. 

LIQUID DTE LASERS AS SOLAR EMERGT CONVERTERS 

An experiaental investigation of liquid dye lasers is being carried out 
by M.D. Hilliaas of the National Aeronautics and Space Adisinistration. 

*Eainent Professor, Departaent of Physics, Old Dominion University, Norfolk, 
Virginia 23508. 


In general, auch lasers have high gain and operate at roon tesiperature, 
under giant pulse piaping. For solar puaiping in the steady state a nuad>er 
of difficulties arise. 

Lasing in organic dyes differs frosi one aaterial to the other, but in 
general the aolecules possess a pair of electrons which possess a certain 
freedoa of astion within the aolecule. The aotion of this electron pair 
deteraines the electronic configuration of the aolecule. The lowest elec- 
tronic configuration Sq is a singlet state (spins opposite). There are 
excited singlet (S|,S 2 *...) and triplet (Tj, T 2 >...) states. Transitions 
between singlet states are "allowed” by the spectroscopic selection rules. 
They give rise to intense absorption and eaission spectra. Transitions 
between different triplet states are also allowed, but singlet-tripiet 
transitions, known as inter-systea crossings , are forbidden. 

The presence of aolecules in one of the aetastable triplet levels say 
be detriaental for laser action in several ways. First, the aolecules 
stored in a triplet level are eliainated frcnt participating in the laser 
cycle. Second, when soae of the lowest triplet levels are populated, the 
saterial nay becone absorbent for the laser radiation because of triplet- 
triplet transitions that overlap the laser line. 

It is possible to quench the triplet states, for exanple, by saturating 
the solution with oxygen, and pulses of 500 Ms duration have been achieved 
by Schnidt (ref. 2) in air saturated rhodanine 6G solution. Coanercial cw 
dye lasers are now available, but they have to be puaped by ultraviolet 
lasers. An excellent conpendiua on cw Dye Lasers is given by Snavely (ref. 
3) and Schafer (ref. 4). 

Another problen is the inducenent of optical inhonogeneities (differ- 
ences in reproactive index) caused by the heating and non-uniform excitation 
of the solution. 

In conclusion, the quenching of triplet states, the presence of optical 
inhonogenieties, and the problem of cooling thf liquid at high power levels 

to prevent boiling would raise severe problems for cw solar pumped liquid 

♦ 

dye lasers. 
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VAPOR PHASE DTE LASERS 


The us* of vapors is advantageous for solar punping, bacausa of struc- 
tural sinplieity and unifomity of nsdiun. Recently a paper by Basov at 
al., (raf. 5) reported axparinents with vapor phase dye lasers. The results 
enable sosw tentative conclusions to be drawn on whether they would be 
feasible for solar punping. 

The puBping was perforsnd with the third hamonic of a neodyniun laser, 
at 355 nn. This wavelength lies on the low wavelength side of the solar 
spectrun peak which is at 500 nn, and the nunber of photons per unit wave- 
length is about half that at the peak. The absorption bandwidths of dyes in 
liquids are typically of order 100 nn, and if this is also true in the vapor 
phase, then the fraction of photons in the solar spectrun absorbed — the 
solar efficiency — would be soneirtiere in the region of 3Z. 

Values of efficiences of the vapor lasers were quoted, but these ^ 
nunbers did not include a "solar efficiency." The highest "efficiency" for 
a vapor phase laser was for the naterial POPO?, vdiich is p-bis [2-(5-phen- 
yloxalyl)] bensene, and was 23Z. Inclusion of the solar efficiency showed 
gives an overall efficiency of the order of IZ. 

An efficiency of over twice the above value was quoted for POPOP in 
liquid ether solution (a liquid dye laser). It would be unlikely that 
tenperatures would be sufficiently low to keep the ether liquid, would be 
possible in a solar laser. 

As steady state working would be desirable for solar lasing, the 
threshold punping intensity is inportant. The lowest value quoted was 20 kW 
cn~^ which would correspond to the sun's radiation being concentrated 1.4 x 
10^ tines. However, the length L of the active region of the laser was 
only 2.4 en. If it is true, as in the IBr laser, that the product CL, where 
C is the concentration factor, is roughly constant, then C would be about 
3 X 10^ for L “ In. 

In conclusion, the threshold pumping intensity for such a vapor laser 
would be within reasonable bounds and its overall efficiency comparable to 
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IBr. It la noted that the experiaenta were perforaed irith ether aa the 
buffer gaa at 36 ataoapherea. 

IKHf-DISSCCIATlVB DDSR LASERS 

Hitherto, the typea of aolecular laaera conaidered have been thoae 
where i^otodiaaociation gave an excited atoa, idiich then laaed to the ground 
atate. Photodiaaociation can alao yield an excited aolecule in an upper 
electronic atate (fig. 1). the tranaition occura according to the Frank 
Condon principle, and the aolecule could return to the lower electronic 
level by eaiaaion of a atiaulated photon. We had been aware of thia poa~ 
aibility for aoae tiae and the auggeation of auch hi^ teaperature high 
preaaure aetallic vapor laaera had been aade previoualy (ref. 6) . 

A coaprehenaive article by Wellegehauaen haa reported on the develop- 
went of optically puaped cv diaer laaera (ref. 7), and Hated a nuaber of 
experiaenta idiere laaing had occurred in Ra 2 , Te^, Br 2 , Li 2 , R 2 > <nd S 2 , aa 
well aa in the halogena I 2 and Br 2 > Here we are intereated in the aetallic 
vapor laaera. The puaping in the experiieenta vaa done by laaera, either 
frequency doubled Neodyaim (532.5 na) or an argon ion laaer (472.7 na) . 
Theae frequenciea lie near the peak of the aolar apectrua. The efficienciea 
quoted were up to 15Z, but thia haa to be further reduced by a "aolar ef- 
ficiency" for aolar pinping. 

If the diner were aolar puaped (fig. 2) and the teaperature were high, 
the Frank Condon tranaitiona would reault in vibrational levela nich higher 
than the laaing level, ahown here near the upper level aLninua. The high 
teaperature haa broadened the abaorption bandwidth and, hence the aolar ef- 
ficiency. If it were poaaible for the molecule to caacade down in energy 
without any radiation tranaitiona to ground, then there would be a "funnel- 
ing" to the upper laaer level. The fraction that arrivea at the upper laaer 
level dependa on the probability at each level of apontaneoua eaiaaion to 
the lower electronic level and on the probability of deacending to a low 
rotational level by colliaiona or radiation. For hoaonuclear diatoaic 
aolecules, radiative tranaitiona between rotational vibrationa of the aaae 
electronic state are not allowed, but high preaaurea would enhance the col- 
lision rates. 
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If th« "funneling" it efficient, en effect that would be considered et 
a "kinetic efficiency," then thia type of later would be very attractive. 
However, the wider the absorption band, the higher will be the initial 
vibrational level in the upper electronic state, and the less the probabili- 
ty of arriving at the upper lasing level without radiating. Also, the high- 
er the initial vibrational level, the less will be the effective quantum 
efficiency. Hence, cowprowises will have to be wade between solar kinetic 
and quantum efficiencies. 

The possibility of lasing by solar pumping in metallic vapors such as 
those mentioned is being further studied and seems hopeful from the point of 
view of efficiency. A number of crosw sections and rate constants are given 
in reference 7, and the possibility of kinetic modelling of such a laser is 
being examined. 
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Figure 1. 


Leaer cvcles between bound electronic molecular 
^ree-leva cycle and (b) four-level cycle radratxve or 

nonradiative tranaitiona between the levsla 4 and 3. 
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Figure 2, Energy level diagreai for e solar pumped dimer molecule M 2 . The 
vibrational levels only are shoim. A molecule raised to the nth 
level of the upper electronic A state can either des.rend to the 
(n-1), (n-2) .... levels by collisions, (continuous arrows) and 
radiation (dotted arrotra) or else radiate a photon (wave arrow) 
and then drop to the lower electronic X state. 
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KINETIC HOOBLINC OP AN IBr SOLAR PIP . ED LASER 


W.L. Harries 
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AB8TKACT 


Thft poaaibllity of using «n IBr lM«r m • solar anargjr eonvartar is 
axaminad chcoratically, and raasons for its choica ara givan. Broadband 
absorption rasults in dissoeiatiot. with tha foraation of axeitad Br* atoas, 
soas of which than lass to tha ground stats Br. Tha ground stats is dapop~ 
ulatad by thras'^body raeoabination and, aora iaportantly, by axehanga raae* 
tions idiieh aora than coapansata for tha high quanching in hataronuelaar 
halogan systaaa. Kinatie aoualing indicatas lasing is possibla in tha 
pulsad aoda and possibly in tha staady^stata vith a eoolad gas flow systaa. 
Taaparatura offsets ara diseussad. Tha affici.incy of tha lasar approachas 
1.2Z St optical thicknossas largo anough for coaplota absorption of tha 
photons . 

I. IimtODUCTICMI 

Tha eoncapt of coilacting solar radiation in large airrors on orbiting space 
stations, and that? tr.-ansaitting tha energy via lasar baaas has bean consid* 
arad previously (1-3). Tha affieiaccy of tha systar is axpactad to be high- 
est if tha lasar could be directly puapad by tha solar radiation. 

The criteria for an officiant aolar puapad lasar are: 

(a) there asst be broadband absorption; 

(b) peak absorption should occur near tha peak of tha solar spaetrua; 

(e) high quantun yield into a long-lived (natastabla) state which 

serves as the upper lasar level; 

(d) in general, quenching of the excited state should be saall, but, 
as will be pointed out later, this condition is allevisted if 

(e) the lower level is rapidly depopulated to aaintain inversion; 

(f) tha upper and Lower levels aust be sufficiently separated to yield 
a reasonable quantua efficiency; 
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(g) th« process Bust be revsrsibls; If not the couponents suet be 
reconstituted by flow uethods. 

Gee lesers ere advantegeous because of uniforuity of sudlua and because 
slse is not a liuitation. Tnd classes of laser can be considered: (1) 

where the absorbirg usdiuu is distinct fr<ns the lasant« and (2) where one 
■aterial perforas both functions. 

The first solar puuped laser ezauined theoretically was type (1) above, 
naaely a Br2-C02”He aixture (2-3). The Br 2 acted as a bro^band absorber, 
the CO 2 was the lasing aediua, and the He acted as a coolant. This laser 
was an electronic-to-vibrational energy transfer laser, and the low "trans- 
fer efficiency" as well as absorption efficiency resulted in an overall 
efficiency of less than 0.13Z. 

Higher overall efficiency isi^t be atteined if the transfer efficiency 
could be eliuinated, as in lasers of t 3 rpr (2) above. An exasq>le would be 
photodie^ociation of a uolecule to yield an excited atou, which then lases 
to the ground state. The population of the lower level ai^t be reaoved by 
chemical procesaes. High pressure working should be possible which would 
enable more efficient absorption. 

The objectives of this paper are to study theoretically the IBr solar 
pumped laser as an exaaq>le of class (2), to understand the essential lasing 
features by determining the dominating reactions, and to estimate the ef- 
ficiency for power conversion. The criteria that have been listed for the 
selection of candidiite lasants will also be assessed. In particular the 
questiot) of whetner steady state lasing it, possible will be discussed. 

As the solar radiance aist be concentrated isany times, and since the 
IBr absorption is broadband neat the peak of the solar spectrum, the laser 
will quickly heat up and lasing inhibited (by mechanisms to be discussed). 


Tr 
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unless eoolinf Is provided. In the theoreticel study it is therefore es- 
suaed thet the Issast is aaintaiiMd arotmd rooa tes^ereture, the purpose 
being to exesane the potential for lasing under favorable operating condi- 
tions. Hethods for accoaplishing cooling are proposed in Section IX. 

tfhile this study was in progress, an experiaental investigation of an 
IBr laser puaped by a xenon lai^ was perfo ra s d by L. Zapata (4). The objec- 
tive of that experiaent was to deaonstrate lasing, and not necessarily to 
provide definitive quantitative data. Hence, only liaited co^arisor^ could 
be wade, but the experiaental results were useful in assessing the effects 
of excessive heating in the actual experiaental environaant. 

II. CHOICE OF IBr 

Broadband absorption is essential for hi^ solar efficiency and there 
are wany cowpounds idiich can be photodissociated to yield excited atons X*. 
Here only halogens are considered for X. They cai be divided into three 
types: diatoadc hoaonuclear aolocules X 2 , diatosdc heter-)nuc lear 

aolecules YX, and coaplex aolecules of the fora HX where H is a 
aolecular radical. 

Solar puaped lasing has already been deaonstrated for type SX, using a 
xenon arc to radiate perf luoropropyliodide C 3 F 7 I (5-7). Absorption occurred 
in the ultraviolet (230-320 na) so that the fraction of the solar radiation 
absorbed (solar efficiency) was saall. (Cheaical recycling was also neces- 
sary for continuous working.) Types X 2 and TX on the other hand can 
absorb near the peak of the solar spectrun when both X and Y are halogen 
atoas. 

The excited atons F*, Cl*, Br* and I* have energies of about 0.1, 0.2, 
0.44, and } eV respectively, above ground; only Br* and I* have values high 
enough to give acceptable quantum efficiencies. Lasing characteristics 
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depend on the coopetitiun between the rate of reduction of the excited 
species X* by quenching and the depopulation of the lower level X by 
the exchange reaction X + XX X 2 T. Exchange reactions are possible only 
for heteronuclear aolecules. Since tlw photodissociation of XT always 
se^ to leave the lifter atow in the aetastable excited state, and since 
the quantia efficiency increases with the atowic nuaber of the lasing atoa, 
it appears that IBr should be the best laser candidate of type (2). 

It absorbs near the solar peak with a high probability of dissociating into 
I ♦ Br*. 

III. PSTSICAL MECHANISMS 

The processes occurring in IBr are assuaed to be photodissociation with 
the formation of excited and ground state atoaa, quenching of the excited 
atons, reeonbination and exchange reactions. The species are assuaed to be 
ei^t in all, naaely IBr, I, Br, l 2 > Br 2 , Br*, and I*, and photons created 
by spontaneous and stiaulated emission. Vibrational excitations are 
neglected at roon temperature because of very rapid relaxation. The 
reactions and rate constants are suaaarized in Table 1. 

The absorption of photons results in reactions 1 through 6. The photo- 
dissociation rates S are equal to C B(X)AA o (X) (N) where C is the 

a 

nuaber of tiaes the solar radiation is concentrated, #(X)AX is the number 
of i^otons arriving per unit area per second (8), absorption 

cross— section in question, and (N) the nuaber density of absorbers. As the 
ratio Br*/Br initially produced by the photodissociation of IBr is critical 
to attaining an inverted population, care aust be taken in evaluating Sj 
and S|, in Table 1. The potential curves for the XC^r**), A^II^, and B^ng*^ 
levels for IBr were plotted by computer on the energy diagram (Fig. 1) using 
data from Huber and Rerzberg (9). The B'^IT^ is Included, and is drawn in 


approximately. The lowest vibrational level (v ■ 0) and the Franck-Condon 
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of reactions. 


lafereacet 

late Constut For Bate Constanf 

C X 1.25 X 10‘* (Ilr) 

- 8, - 0.70* 8,. 9, 10, 11, 13 

- Su • 0.259 8,, 14, 15, 16 

87 - 0.963 811 17, 18, 19 

■ C X 2.5 X 10^5 (I2) 20, 21 

- 82 • 0.2 821 

8 . - 0.48 821 

■ C X 1.25 X 10^* (8x2) 

“ 84 * 0.605 S 2 1 

- 85 - 1.387 8ji 


1 X 10-12 (c« 3 .-l) 
1.86 X 10-12 

4.7 X 10-12 

1.8 X 10-11 

1.8 * 10-11 gj. Q 

6 X 10-11 

3.5 X 10-11 

5.6 X 10-11 


1 X 10-12 
( 1.6 X 10 - 1 *) 


4 X 10“22 (c«®a“l) 

3 X 10-2® 

4 X 10-22 
3 X 10-2® 

1 X 10-22 
1 X 10-22 

3 X 10-22 
3 X 10-22 

3 X 10-2® 


3.5 * 10-11 (c«2,-l) 
or 0 


22, 23 
22 
22 
14 

24 

24, 25 
24, 26 


31 


AatiMd equal to 

Aasuned equal to 
27 

27 

28 
28 

28 

28 

28 


29 

29 
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transitiona are shown. The horisontal dashed lines B and C are based on the 


transitions froa the lower to the upper and B^Hq levels and indi- 

cate the peaks and widths of the absorption curves. The absorption cross- 
section for IBr as a function of wavelength has been aeasured (10-11), and 
the function can be represented by three Gaussians whose peaks are at 268, 
477 and 507 na, respectively. These are plotted on the left. The peak of 
Gaussian F coincides alaost exactly with the line C, but the peak of the 
Gaussian G is displaced froa B. He believe the Gaussians to be accurate 
as well as the asy^totes A and D. 

The integral 4(X)o^(X)dX is a aeasure ot what fraction of ab- 


sorption events are caused by transitions to the level in question and 
0 ^ (X) is the respective Gaussian. Thus Gaussian H produces Br, but 

can be neglected as 6(X) is snail here (8). The part of Gaussian F 
above asymptote A produces Br*; the part below A does not produce dis- 
sociation. The B'^nQ*** and B^IIq'*’ curves cross and possibly absorption 
into the latter could result in Br. However, the translational energy at 
the crossing is sufficiently high and the nature of the crossing is such 
that the probability is near unity that all parts of the absorption curve 
above A in Figure 1 correspond to dissociation into I Br*, as confiraed 
experimentally (13). The Gaussian G, corresponding to absorption into the 
A%^ level produces I * Br. Perforaing the integration of 4(X)o (X)dX 
then yielded the fractions of absorption events resulting in the production 
of Br*, Br, and I (Table 1). The total absorption rate for IBr was found to 
be C X 1.25 * 10^® (IBr), where C is the nuaber of tiaes the solar radia- 
tion is concentrated, of which a fraction 0.704 resulted in Br*, 0.259 in Br 
anc' 0.963 in I. Siailar estimates for I 2 and Br 2 are also included. 
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For all the initial preaauraa of IBr conaidared, it «aa aaauaad that 4^ 
by nu^ar danaity of I 2 and Bt 2 ware praaant at 300 K, according to the law 
of aaas action. Iharaaftar, all the danaitiaa varied with tiaa. lha 
abaorption rata ia proportional to IBr praaaura for low prassuraa (and 
abaorption lengths of 1 ca)» until at about 50 torr aaaantially all the 
photons are absorbed. 

The degeneracy factor for the upper laser level Br* is 2, while that of 
the lower laser level Br (^^ 3 / 2 ^ population inversion dM for 

lasing is then 

All - Br* - Br/2 (1) 

The degeneracy factors in this instance help to reduce the threshold for 
lasing. 

The quenching of Br* and I* is given by reactions 7-14 in Table 1; the 
quenching of Br* and I* by Br* and I* was neglected as well as the quenching 
of Br* by Br and I* by I and Br. Conputer runs in which these latter coef- 
ficients were srbitrarily assigned values equal to instead of sero, 

showed no great difference in the results. Ihe large rate coefficient for 
the quenching of Br* by I is due to the electronic to translational energy 
transfer resulting fron the "crossing" of (IBr)* potential energy curves 
(see Fig. 1). The process has been called the inverse predissoeiation 
oechanisa (14). 

The two body recoabination of I 2 and Br 2 (itea 15) is the only reversi- 
ble reaction included. At room teaperature, by the law of aass action (as- 
suaiftg no photodissociation), the concentration of I 2 and Br 2 in IBr is 
0.04. It then follows that if the forward reaction 2IBr > I 2 * Br 2 has a 
rate coefficient then the reverse coefficient Kg is (0.04)^ x Ky. 
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Tbree-body r«coiri>inatioas ar« listed and it ia saaa that tha react ions , 
involving I* and Br* are lass likely than those involving I and Br because 
of the difficulty of getting rid of the excitation energy. Some of the 
values are uncertain and are based on sisdlar reactions in I 2 . 

The exchange reactions that depopulate the lower laser level and wake 
lasing possible ate listed as item 25 and 26. Experiaental aeasurewents of 
reaction 25 have been reported by Clyne and Cruse, (27) who deduce a high 
rate coefficient Bj ■ 3.5 * 10“^^c*^ s“^. We have been unable to find a 
rate coefficient for reaction 26, but cooputer runs for B 2 ” 0 and B 2 * 
did not differ greatly because the concentration of I 2 is auCh less than 
that of IBr. 

IV. RATE EQUATIONS 

In the following equations the terns in parenthesis represent the 
densities of atonic and nolecular species; n is the density of photons. 

The quantity A is the Einstein coefficient for spontaneous emission, while 
r is the rate of stinulated enission. 

The rate equations for the ei^t species present are: 

■ -SjjdBr) + C 5 (I)(Br*)(IBr) ♦ Cg(I)(Br)(IBr) 
dt 

♦ Cg(I*)(Br)(IBr) - E^CBrXlBr) ♦ E 2 (Br)(l 2 ) 

♦ 2 K 7 (l 2 )(Br 2 ) - 2Kg (IBr)2 (2) 

- S 7 ♦ $2 ♦ 2 S 5 -C 5 (I)(Br*)(IBr) 
dt 

- Cg(I)(Br)(IBr) - C 7 (I*)(I)(IBr) 

-2C9(I)(l)(IBr) + Ei(Br)dBr) + E 2 (Br)(l 2 ) (3) 
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. -821(12) ♦ CyCl^KDClBr) ♦ CgdKDdBr) - EjCBrKlj) ( 4 ) 
dt 


-SjiCBrj) ♦ Ci(Br*)(Br)(IBr) ♦ CjCBrKBrXlBr) 
dt 

♦ C 3 (Br*)(Br)(Br 2 > ♦ C^CBrKBrKBrj) 

♦ Ei(Br)dBr) - K7(l2)(Br2) ♦ KgdBr)^ (5) 


■ $1 ♦ S3 - Ci(Br*)(Br)(IBr) - C3(Br*)(Br)(Br2) 
dt 

- CgCBr^KDdBr) - Qi(Br*)(IBr) - Q2(Br*)(l2) 

- Q 3 (Br*)(BT 2 ) - Q 4 (Br*)(I) - QgCBr^KBr) 

- A Br* - r (6) 


d(Br) 

dt 


• S3 ♦ S^ 2 Sg 

♦ Ql(Br*)(IBr) ♦ Q2(Br*)(l2) ♦ Q3(Br*)(Br2) 
•» Q^(Br*)(I) ♦ Q 5 <Br*)(Br) 

- Ci(Br*)(Br)dBr) - 2C2(Br)(Br)(IBr) 

- C 3 (Br*)(Br)(Br 2 ) - 2 C 4 (Br)(Br)(Br 2 ) 

- Cg(Br)(l)(IBr) - Cg(Br)d*)(IBr) 

- Ei(Br)dBr) - E 2 (Br)(l 2 ) ♦ A Br* ♦ F 


- S2 - Q 6 (I*)(l 2 ) - Q 7 (I*)(IBr) - Qg(I*)(Br 2 ) 
dt 

- C 7 (I*)(l)(IBr) - Cg(I*)(Br)(IBr) 


( 7 ) 


( 8 ) 
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( 9 ) 

The quantity G in equation (9) is the geoaetrical factor 2rb*/I*2, 
where r{, is the radius of the laser beaa and L the length of the 
laser; for isotropic spontaneous eaission only this fraction of photons is 
confined within the laser cavity. The last tens represents the loss through 
the end nirrors of reflectivities rj and t 2 » *nd is the lifetiae 

of an average stiaulated emission photon travelling parallel to the axis; 

Tg ■ -L/c In (rjr2>, where c is the velocity of light. Here Tg ■ 5 x 
10*^ s. The quantity F, the stisnilated emission rate, is equal to 
n o c AN where a is the stimulated emission cross-section. Then o 
A/4 it 2 , where X is the emitted wavelength, A ("1) is the 

Einstein coefficient for spontaneous emission from the upper laser level, 

AXg is the emission bandwidth. With AXg taken as the bandwidth 
for Doppler broadening at 300* K, then Og ■ 1.6 x 10”^^ cm^. 

Equations (2) throu^ (9) were solved by computer, and are compared 
with the experimental results of Zapata in Figs. 2a and b. In the exper- 
iment, the light intensity from the xenon laiq> was measured with a photo- 

2 If t 

detector, and varied approxiisately as sin^ ' , where t is in sec- 

2 X 10"** 

onds. The theoretical source terms included this function. 

IV. COMPARISON WITH EXPERIMENT 

The idealized model differed from the experiment in a number of ways. 

The theory assumed absorption occurred one-dimens ions lly in a thickness d. 

j 

Experimentally the pumping source was a xenon lamp placed parallel to the 
laser tube. Its light was focussed onto the laser tube axis by a reflecting 

Li 


— - r ♦ GA(Br*) - — 
dt T 
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cylinder of elliptlcel crose^ecetion. The llliaiinetloa increeeed towerde 
the axis, but ee the source vee distributed end the reflector vas not 
perfectly elliptical, the ■axiauai value of the puling j^oton flux density 
was uncertain. The puaping density vas equated to C tiacs the solar 
radiance. The values of the equivalent C in the experisMnts were probably 
between 2,000 and 40,000 for the various runs. There were also differences 
in the spectral distribution of the xenon leap and the solar spectrua 
assuaed. 

Fig. 2 cosq>ares the aeasured light output froa a 1-a long IBr laser 
pumped by a xenon discharge leap powered froa a capacitor bank, with the 
coaputer solution of equations (2) through (9). The IBr pressure was 3 torr 
and C was about 5,000 in the experiswnt, which are the values assuaed in 
the calculations. 

The overall shape of the experiaental and calculated laser output are 
siailar. Both start about the seas tiae, and consist of a sharp spike fol> 
lowed by a tail. The ratio of spike to tail is higher in the calculated 
version, and the oscillations in the theoretical wave shape are not evident 
in the experiaent. Estiaates of the tine constant of the InAs photodetec* 
tor circuit showed it was hi^ enough to reduce the hi^ frequency eoapo* 
nents of the signal. 

The duration of the experiaental pulse for this and all other runs was 
always shorter than the calculated values by a factor of about two. We 
believe this was due to the lasant being heated near the axis. Sough cal* 
culations of the IBr gas tenperature, assuaing C • 5,000, indicated a 
tenperature rise of several hundred K in 50 us. The tenperature rise would 
cause dissociation of IBr and deplete the lasant. This view is consistent 
with an experinental neasurenent of IBr density on the laser axis during a 
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pul*«, which thoiMd a drop of about 50Z, a valua too hi^ to hava baan 
cauaad by photodiasociation (it would raquira C > 10^). High taaparaturaa 
could alao incraaaa tha ratio of ravaraa to forward ratas of tha axchanga 
raactions, thua tauding to nautraliaa tha Mchaniaaa aacaaaary to dapopulata 
tha lowar laaar laval (30). Alao» tha quauchiog raaction Br* * 1 * Br ■** I 
ia anhanced in tha haatad gaa bacauaa of the graatar nuid>ar of I atoaa. Tha 
calculationa aaauawd no heating. 

On changing the preaaure p both experiaent and theory ahowed the 
output laaer pulae duration waa roughly independant of p for puaping 
pulaea of 200 ua duration. Bxpariaantally the output li^t aignal aaplitude 
increaaed with p up to about 20 torr, where it reached a aaxiaaa and then 
decreaaed; aa p increaaed, abaorption in the outer layera dacreaaed the 
puarp power on ..aia. The theory ahowed the aaplitude proportional to p 
becauae conatant puaping energy denaity waa aaauaad throughout the gaa. 

Both experiaent and theory ahowed that increaaing C increaaad tha 
laaer. aaplitude proportionally. 

There waa alao agreeaant between the aaaaured and calculated output 
power of the laaer. In an experiaent with a tube length of la and 2.22 ca 
radiua, and an output adrror of 95Z tranaaittance, tha aaaaured output waa 
approxiaately 2 kW for an IBr preaaure of 4 torr, with C ■ 10*^ O). 

The calculated peak output power P ia 

P«— cnhvTw (10) 

2 

Our reaulta ahowed n ■ 1.2 x 10^^ ca“^ for C ■ 1 * 10**, correaponding to 1.7 
kW which ia in reaaonable agreeaent. 
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V. INTBRPBBTATION 


By varying tha paraMCara In tlia prograa ona at a tlaa» it was aatab-* 
lishad chat tha doainant naehaaiaaa vara quanehlng of Br* by IBr and I and 
tha axchanga raaction Dr * IBr ■ I ^ Br 2 > In particular, tha prograa 
indicatad laaing aould cot occur if tha axchanga raaction vaa raaovad. 
Thraa-body racoabinationa aada littla diffaranca to tha ahapa of CIm li^t 
output for puaping pulaaa of 200 iia duration. Portu.nataly tha rata coaffi'* 
cianta amat accurataly known tumad out to ba doainant onaa. Rowavar, for 
coaputar runa of longar duration pulaaa, it waa found aaaantial to includa 
all tha taraa. 

Evidantly tha axchanga raactiona can ovarcoaa quenching, and hi^ 
quenching croaa-aactiona par aa aay not ba a valid aalection criterion for 
rejecting otharwiaa proaiaing gaaaa. 

VI. THKESHOLO CONDITION 

Tha thraahold condition ia r^r£ axp (2oL) ■ 1, uhara rjr 2 are the 
reflect ivitiaa of the laaar airrora, a ■ o, BN ia tha gain par unit 
length, and L ia tha length of tha laaar (30). Tha thraahold condition ia 
contained in aquation (9), and occura when F > ~ GA(Br*) ■ n/r^. 

Tha two ralationa are equivalent aa can ba aaan froa tha definition of 
and require AN • L > In (l/r|r2)/2o^ “ conatant. Aa AN « C it followa 
that tha thraahold value for C ia prop>ortional to 1/L. Coaputar runa ware 
parfonaad for auccaaaivaly lower valuaa of C for L * 4C0,100, and 25 ca, and 
the thraahold valuaa of C aatiaatad. Tha valuaa are cooparad with axpari- 
aantal raaulta in Figure 3. Iha abaoluta valuaa of tha latter ware dif- 
ficult to aatioata aa tha puaping light waa focuaad on a cylinder, but both 
theory and axpariaent ahow C “ Thua C can be reduced by incraaaing 

L. 
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VII. BmCXBKCY OF THE IA8BR 


BstiMtM of th* officioncy can ba obtained froa aoluciona of eba rata 
aquations. For a laaar of langth L, collaeting width w and of 1 es 
abaorption depth, the total solar power into the laaar is 0.14 CLw watts. 

The power output is O.S c ohvtw. Xf the tranaaission factor t is O.OS, 
the efficiency is n ■ 3.93 x 10*^^ n/CL, where n is the ^oton density is 
in and L is in ca. Coi^uter runs at various values of L, C and 

gas pressures were aade and the aaxiaua n obtained to give n (fig. 4). 
For L > 3 a n is roughly independent of L and C, and at 5 torr n ■ 5 x 
10'*'*. At these low pressures n ■ p and it can be seen that hi^er pressures 
increase n, provided overheating .can be avoided. 

An understanding of why the efficiency is low can be obtained if the 
overall efficiency is considered to be the product of four efliciences (3): 

n • n n n n . Here n , the solar efficiency depends on the absorption 

s a k Q s 

bandwidth cf the total solar radiance, and its value for XBr is 0.12. The 
absorption efficiency Hg depends on the XBr gas pressure and depth of 
absorption d; for low pressures ■ Og(XBr)d ■ 10~^ pd where p is 

ttM pressure in torr, d the depth in cm. The expression is valid up to pd 
• 50; for higher pd wost of the photons are absorbed and Hg 1. The 
kinetic efficiency ni^ depends on the nuBber of absorption events produc- 
ing Br* and also on the eoapetition between stiwulated eaission and quench^ 
ing. Approxiaatel> 0.7 Br* atoas are produced for every absorbed photon 
(Table X). The fraction of Br* atoas which yield a stianilated photon can be 
obtained by exaaining equation 6, and coaparing the value of T with the 
rest of the loss processes, as all ei^t variables vs tias were known. The 
ratio r/(all loss processes) was 0.82 when n was a aaxisua, the aajor 
eoapetitors with T being quenching by XBr and I. The quantua efficiency 
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n* • O.H «V/2.5 «V ■ (^.18. Hcnca for pd < 50 corr ca tl ■ 6 xlO"** at 5 
torr, d ■ 1 ea, agraaing with 5 x 10*** la Flgura 4. With pd > 50 torr-ea, 

T)« 1 and tha aaniaua affieiaoep aould ba about 1*2 » 10'^. 

Pulaad working would furthar raduea tha afflelanep baeauaa of tha duty 
eye la, unlaaa thara waa adaquata ttoraga of anargy whan tha laaar was not 
aaittlng. 

VIII. POSSIBILITY OP CONTINUOUS LASING 

Tha eo^utar runs showad that IBr waa dapletad, uhila tha quanehars l 2 » 

Br 2 and I graw with tiaa. For 200 na puaping pulaaa, tha photon danaity n 
had a aaxiaua valua juat prior to tha paak input. 

Tha input light pulaa waa than aaaiaad to ba proportional to ain^ 2wt/10~‘'* 
up to 50 wa .and tharaaftar to ba eonatant. For p * 3 torr tha ealeulationa 
iodieatad a pulaa of 350 ua, and for p " 13 torr tha duration waa of orear 10 
M with C ■ 5000. Plota of tha othar variablas indieatad a gradual daplation 
of IBr and a growth of I. lha long tiaw acala auggaata that a gaa flow 
ayatan would ba faaaibla for ataady-atata working providad tha gaa 
taaq>aratura waa kapt within liaita. 

IX. TEMPEBATUBE EFFECTS 

Aa tha abaorbad photona hava an avaraga anargy of aavaral aV, and aa 
tha haat eonduction of IBr ia low, vary hi^ taaiparaturaa ean oeeur. If tha 
praaaura p of IBr ia graatar than 50 torr in a vaaaal 1 ea daap than tha 
taaiparatura of tha laaing gaa can ba roughly aatiaatad aaatsing all tha 
photon anargy ia dapoaitad in tha gaa; if p « 50 torr than roughly a frae- 
tion 10**^ p ia dapoaitad. Tha heat produead travala an avaraga diatanec x 
to tha walla of tha containing vaaaal by gaaaoua conduction. Tha walla ara 
aaauaad at a tawparature Ty and ara themally connected to a radiator 
into apace. Above about 1,000 K, the gaa would alao act aa a blackbody 
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rtdiator. SatiMtaa show that if a ■ 0.5 ca, than for C ■ 2,000 and p * 5 
torr tha gaa tanparatura would ba of ordar 1,000 K. 

If tha prataura la incraaaad (a raquiroaant for high abaorption 
afficianey) atill highar taaparaturaa ara poaaibla, aa haat conduction in 
gaaaa ia indapandant of praaaura. Cooling can ba anhancad by raducing x 
by inaarting fingara in tha. gaa, or by admitting a nobla gaa with a high 
haat conductivity and a low quanching croca'^aaction. Aaauaiing parfact 
conduction from the walla to a radiator tha aa^m aixa aa tha collactor, than 
tha radiator ta^>aratura would ba ao:*<%what laaa than 300 K. 

High taaiparaturaa can have large affacta on quenching, recombination 
and diaaociation ratea, and on exchange reactiona. 

To our knowledge axpariaMntal data on tha affect of temperature on the 
quanching of Br* by IBr or I 2 are not available. Tha poaaibla analogoua 
caaa of quenching of I* by I 2 waa ported by Kartasaef at al. (31), whoaa 
maaauramanta ahowad tha quenching ratea at l.OOO K ware 20 timea lower than 
at 300 R. If a aimilar dependence occurred for tha quanching coefficient of 
Br* by IBr or I 2 , tha high teaq>eraturaa would prove advantagaoua in thia 
raapect. 

Turner and Rapagnani (26) have reported amaaureamnta of tha racov’ 
bination ratea for I ♦ I ♦ I 2 t 2 I 2 ehere k ■ 1.1 * 10-^® The 

coefficient ia 1,000 timea amaller at 1,000 R than at 300 R and ia 
analogoua to Cg uaad above where I recombined with Br and the third body 
vaa IBr. 

High tenperaturea cauae thermal diaaociation of IBr with the formation 
of I, Br, and Br 2 , which have large croaa-aectiona for the quenching of Br*. 
The depletion of Che lower level by exchange reactiona would alao be reduced 
aa the increaae in I would enhance the reverae exchange reaction. On 
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balance than, heating would seen to be very detriaental to IBr eolar laser 
operation. 

X. COMCLUSIONS 

The tiae varying solutions of the species rate equations (2) through 
(9) show that inversion is possible near the start of a pusping pulse, but 
continuous lasing say not occur. The reason is that early in the pulse the 
Br created froa Br* by quenching and stiaulated eaission is sufficiently 
reaoved by exchange reactions to aaintain inversion. Eventually, however, 
the IBr decreases and the Br density increases to cut off the lasing. 

The doainating aechanisas are the source teras, quenching by IBr and I, 
two body exchange reactions and stiaulated eaission. With 200 us puaping 
pulses the behavior of the li^t output can be represented using only these 
reactions. However, if long pulses are to be siaulated, then all the 
reactions aust be included. Our coaputer results showed that for 3 torr of 
IBr, steady depletion occurred and the pulse lasted for about 350 us with C 
■ 5,000, L “ la. At 13 torr the pulses were aany tens of ns for the ssae 
conditions. 

The exchange reactions can overcoae the effect of hi^ quenching cross- 
sections, and hi^ quenching need not necessarily indicate that a aaterial 
is unsuitable for solar puaped lasing. 

Heating will reduce quenching. If. will also cause dissociation and 
depletion of IBr with the fomation of I, I 2 , Br and Br 2 all of idtieh quench 
Br*. The exchange reaction rates will be reduced causing the population 
inversion to disappear, thus killing the laser. 

If the path length L is snail, requiring the solar concentration C 
to be high for threshold to be reached, then the pressure has to be kept low 
to prevent heating («50 torr). The overall efficiency n is then 10"** p 
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(torr) or O.IZ at 10 torr. Such a 10 kW laaar would require a collector of 
85 X 85 If L la large* ao that overheating doea not occur, and p la 
high enough to abaorb all the photona, then h could reach 1.2Z - a 10 Idf 
laaer collector would be 30 x 30 a^. The above efflclenclea can be coapared 
to the calculated efflclenclea of a Br2'H:02’4e laaer and a laaer, each 

of i^lch waa around O.IZ. 

The effective length L can be Increaaed by ailtlole paaaea In a flat 
"box type" laaer. If L ■ 10 a, then laalng ahould be poaalble with C ■ 300. 
The teaperature rlae would theri be 770* even If p ■ 50 torr, with Aj/x ■ 8, 
T^ ■ 300 and no adalxture of a cooling gaa. The receiving area of the 
laaer would be 400/300 ■ 1.4 a^ and an effective length L of 10 a could be 
achieved In about 8 paaaea. 

The poaalblllty of ateady atate working aeeaa feaalble If a contlnuoua 
flow ayatea la uaed. 

ACKMOHLEOGEMENTS 

The authora acknowledge uaeful dlacuaalona with Dra. J.W. Wllaon, S. 
Raju, and L. Zapata. The work waa partially aupported by grant NSG 1568 
froB the national Aeronaut lea and Space Adalnlatrat lon/Langley Reaearch 
Center, Haapton, Virginia. 


27 




4 


REFBREHCBS 

1. Coneybear, J.F.: The Use of Lasers for the Trensaission of Poifer. 

Redietion Energy Conversion in Space ed. K.3. Billaan. Prograsi in 
Aatronsuticrf end Aeronautics, 279, 1979. 

2. Oyordiets, B.F., Oudsenko, L.I., end Pechenko, V. Te: Pis' as Zh Bksp, 

Teor. Fit. 163, 1977. 

3. Harries, W.L. end Wilson, J.W. : Space Solar Power Beview. 2, 367, 

1981. 

4. Zapets, L. : Private coaaunication. 

5. Lee, J.H. and Weaver, W.R. : Appl. Phys. Lett. 137, 1981. 

6. Weaver, W.R. and Lee, J.H.: Proceedings of the 16th Intersociety 

Energy Conversion Engineering Conference, Atlanta, Georgia, Aug. 9-14, 
1981 p. 84. 

7. Wilson, J.W. and Lee J.H. : Proc. Virginia Acad, of Sci. 31, 34 , 1980. 

8. Carter, J.R. and Tada, H.T. : Solar Cell Radiation Handbook. Jet 
Propulsion Laboratory, California Institute of Technology, Report No. 
21945-6001, HV OU 1973, Table 2.1, p. 2-2. 

9. Huber, R.P., and Hersberg, G. : Molecular Spectra and Molecular 

Structure-Constants of Diatonic Molecules. Van Nostrand, 1978. 

10. Seery, D.J. and Britton, D. : J. Phys. Chea. 2263, 1964. 

11. Passchier, A. A., Christian, J.D. and Gregory, N.W. : J. Phys. Chen. 71 . 

1937, 1967. 

12. DeVries, M.S., Van Teen N.J.A., Bailer, T. and De Vries, A.E.: Chen. 

Phys. Lett. 75, 27, 1980. 

13. Petersen, A.B., Snith, W.M. : Chen. Physics 30, 407, 1978. 

14. Feist, M.B. and Bernstein, R.B.: J. Chen. Physics, 64, 2971, 1976. 


28 



15. Hohla, K. and Konpa. K.L.: Handbook of Qioucal Laaers, R.W.F. Lyon 

and J.F. Bolt edltora» John Wilay (NT) 1976, ch. 12. 

16. Burda, D.H. , McFarlana, R.A. , and Wiaaanfald, J.R. : Phya. Rev. Aio, 

1917, 1974. 

17. Tallinghuiaan, J.: J. Chea. Phya. 58, 2821, 1973. 

18. Uellagahauaen, B., Staphan, K.H. Friada, D., and Walling, H. : Optica 
Conounicationa 23, 157, 1977. 

19. Beverly, R.E. and Wong, M.C.: Optica Conaunicationa 20, 23, 1977. 

20. Peteraen, A.B., Smith, W.M. : Chaadcal Phyaica 30, 407, 1978. 

21. Hofmann, H. and Leone, S.R. : Chea. Phya. 314, 1978. 

22. Gordon, B.B., Madkhin, A. I., Sothichenko, S.A. , and Boriev, I. A.: 

Cham. Phya. Lett. 86 , 2, 1982. 

23. Hofmann, H. and Leona, S.R. : J. Chem. Phya. 69 , 641, 1978. 

24. Burde, D.H. and NcFarlane, R.A.: J. Chem. Phya. 64 , 1850, 1976. 

25. Appleman, E.H., and dyne, M.A.A. : J. Chem. Soc. Farad Trana. 2, 72, 

191, 1976. 

26. Theae maabera are baaed on aimilar reactiona in I2: Turner, C. and 

Rapagnani, N.L. Laaar Fuaion Program Semi-annual Report UCRL-50021-13- 
1 Lawrence Livemore Laboratory UCID-1693S Jan.-Jun. 1973. 

27. The valuea of C5-C3 are baaed on aimilar reactiona, I I I2 and I* * 
I + I2 - Hohla, K. and Kompa, R.L.: The Photochemical Iodine Laaer. 

Ch. 12 of Handbook of Chemical Laaera, Ed. by R.W.F. Lyona and J.F. 
Bolt. Wilder and Sona, N.Y., 1976. 

28. Clyne, M.A.A. , and Cruze, H.W. : J. Chem. Soc. Farad Trana. 2, 

1377, 1972. 

29. Lengyel, B.A. : Laaers. 2nd Ed. John Wiley, 1971, p. 61. 


29 


30. This sugg««tlon was nade by L. Zapata. 

31. Kartasaaf, V.A. , Penkln, N.P., and Tolmaehav, Tu. A.: Sov. J. Quantua 

Electronics t Vol. 7, 1977, p. 608. 


30 


ORIGINAL PAGE 18 
OF POOR QUALITY 



1.5 5 

RCflngst . ) 

IBr LONER LEVEL: XISIG-F 

UPPER LEVELS: B3PI0+ fiSPIl 


Flgur* 1. Ba«rg7 l*v«l dlcgraa for ZBr. Tha potantisl curvM 

b’iIo''* ar« Horso functioM g«n«rat«d fron data of Hubar 
and Harzbarg. Tha rapulalva cxizva B'^IIo'*’ la approzinata. Tha 
Gauaalaa absorption curvas ara plottad from data of Saary and 
Britton. 
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20 jusec/div 

Figure 2. Cooperlson of (a) oaaatured laser light output vs. tlas compared 

vlth (b) calculated values. The pressure of IBr was 3 t.*rr, with 
4Z Br.. I 2 « In calculations C - 5,000. The pumping light 
Intensity is Inverted. 
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Lasing Intensity 








